[1] Fission track analysis was applied to the Precambrian suites of Madagascar in order to identify the lower-temperature cooling histories and their relationships to the Phanerozoic events that affected the island. Apatite ages range from 431 to 68 Ma, and zircon ages range from 452 to 238 Ma. Thermochronologically, the island can be divided into a southern, central, and northern region each with a subdivision on an east-west basis. The southern region is sharply separated from the central region by strongly contrasting apparent apatite ages over the northwest-southeast striking Ranotsara Shear Zone (RSZ). The change in apparent ages over the RSZ is indicative of later reactivation along younger brittle faults. The central region has the oldest ages of the island and has a diffuse contact to the third region northward. Along the entire western margin of the Precambrian basement initial Paleozoic exhumation was followed by heating (burial by sediments) during Jurassic and Cretaceous times. A decrease in ages along the eastern margin from 119 to 68 Ma coincides with the predicted positions of the Marion hot spot after effects of erosion are considered. On the other hand, these ages may represent progressive opening of the margin in a southward direction together with associated denudation of the rift shoulder. The eastern part of the central region has remained very stable since at least Devonian times, undergoing only long-term very slow exhumation at rates of 1-5 m/Myr.
[1] Fission track analysis was applied to the Precambrian suites of Madagascar in order to identify the lower-temperature cooling histories and their relationships to the Phanerozoic events that affected the island. Apatite ages range from 431 to 68 Ma, and zircon ages range from 452 to 238 Ma. Thermochronologically, the island can be divided into a southern, central, and northern region each with a subdivision on an east-west basis. The southern region is sharply separated from the central region by strongly contrasting apparent apatite ages over the northwest-southeast striking Ranotsara Shear Zone (RSZ). The change in apparent ages over the RSZ is indicative of later reactivation along younger brittle faults. The central region has the oldest ages of the island and has a diffuse contact to the third region northward. Along the entire western margin of the Precambrian basement initial Paleozoic exhumation was followed by heating (burial by sediments) during Jurassic and Cretaceous times. A decrease in ages along the eastern margin from 119 to 68 Ma coincides with the predicted positions of the Marion hot spot after effects of erosion are considered. On the other hand, these ages may represent progressive opening of the margin in a southward direction together with associated denudation of the rift shoulder. The eastern part of the central region has remained very stable since at least Devonian times, undergoing only long-term very slow exhumation at rates of 1-5 m/Myr.
Introduction
[2] Madagascar is a key component in understanding the history of the break up of Gondwana. It was positioned between the present east African coast on the one side and the India-Seychelles block on the other before breakup (Figure 1 ). It was involved in an intracontinental rifting event during the late Paleozoic and subsequently in two major periods of ocean spreading at different times, affecting both the western and eastern margins separately. The drifting of the Madagascar-IndiaSeychelles-Australia-block from the east African region began at the latest at the time of the M25 anomaly, i.e., approximately 155 Ma [Simpson et al., 1979; Ségoufin and Patriat, 1980; Gradstein et al., 1994] and continued drifting southward until about 118 Ma. The IndiaSeychelles block broke away in the Late Cretaceous some time during the quiet magnetic period (A34, . Most studies in Madagascar until now have focused either on the tectonometamorphic evolution of the Precambrian of the interior region, or on the stratigraphy of the marginal basins. In the field of geochronology most work has previously concentrated on dating of Precambrian rocks and associated geological events as well as on the timing of Cretaceous volcanic extrusions. Little is known about the Phanerozoic thermal history of the Precambrian rocks, even though they formed the basement to the rift/drift-related sedimentary sequences. The lower temperature chronometers such as fission track analysis (FTA), which yield younger events that may not always be identified through either structural or stratigraphic analysis, have been attempted by Seward et al. [1998 Seward et al. [ , 1999 Seward et al. [ , 2000a and Emmel et al. [2002] . Here we report on fission track analysis using the data sets to TECTONICS, VOL. 23, TC3007, doi:10.1029 /2003TC001556, 2004 Copyright 2004 by the American Geophysical Union. 0278-7407/04/2003TC001556 unravel the response of the Precambrian basement to Late Paleozoic and Mesozoic rifting and drifting.
Regional Setting

Plate Tectonic Setting and Regional History
[3] The island is essentially composed of a core of Precambrian basement with sedimentary basins on the western margin (Figures 2 and 3) . The basement consists mostly of ortho-and para-metamorphic rocks and granitoids [Besairie, 1973] . Its structure is thought to have been the product of several tectonometamorphic events during the Archean and Neoproterozoic [e.g., Andriamarofahatra et al., 1990; Nicollet, 1990; Windley et al., 1994; Paquette et al., 1994 Paquette et al., , 2003 Kröner et al., 1996 Kröner et al., , 1999 Kröner et al., , 2000 Paquette and Nédélec, 1998; Handke et al., 1999; Tucker et al., 1999; Collins, 2000; Martelat et al., 2000; Nédélec et al., 2000; de Wit et al., 2001; Collins and Windley, 2002; Collins et al., 2003a Collins et al., , 2003b de Wit, 2003; Goncalves et al., 2003; Meert, 2003] . These basement rocks have served as rift flanks during rifting and drifting since late Paleozoic times during the breakup of Gondwana. Intracontinental rifting began in the Upper Carboniferous with the development of half grabens which were filled with the fluvial and marginal marine sediments of the Sakoa and Lower and Middle Sakamena Formations [Nichols and Daly, 1989] . Clastic sedimentation of the Upper Sakamena Formation followed during the Middle Triassic. The Upper Triassic-Lower Jurassic sequence was dominated by fluvial sedimentation of the Isalo Formation deposited unconformably on the Upper Sakamena and overstepping onto the adjacent basement [Clark, 1998 ]. In the Bajocian ($176 Ma) regional marine conditions were initiated. This change in sedimentation represents the early stage of the formation of the Somali and Mozambique Basins. 2.1.1. Separation From Africa and Associated Development of the Western Basins
[4] At approximately 155 Ma, Madagascar (and the rest of East Gondwana) began to drift southward from Africa [Reeves and de Wit, 2000] . This was accompanied by the translation of Madagascar along a north-south trending transform fault located along the present Davie Ridge. By 140 Ma marine conditions prevailed in the developing marginal basins, i.e., the Dié go-Suarez, Mahajanga (Majunga) and Morondava basins [Reeves and de Wit, 2000] .
[5] Much of the Lower Cretaceous corresponds to a period of very little deposition. Late Jurassic-Cretaceous faulting took place along the Precambrian and Paleozoic structures and was responsible for uplift, tilting and erosion [Montenat et al., 1993 [Montenat et al., , 1996 . Albo-Cenomanian clastic sediments rest unconformably on this eroded surface. By 118 Ma (M0) Madagascar had reached its present position and has moved little since, relative to Africa.
Separation From India-Seychelles
[6] The eastern margin of Madagascar became a rift shoulder during the separation of the Seychelles-India block. From the Late Cretaceous to the present, westward tilting in the Morondava Basin is coincident with this event [Montenat et al., 1996] . The northeasterly drift of the Seychelles-Indian block from the eastern margin of Madagascar occurred somewhere in the period 118 and 84 Ma, on the basis of the oldest magnetic anomaly, A34. As the period A34 is the Cretaceous quiet magnetic zone, the time span is large, i.e., 34 Myr. It is possible to narrow the timing of separation down by using various other geological sources of evidence. On the basis of age determinations from palynology and sediment depositional rates in three wells on the western shelf of the Seychelles Plateau, Plummer [1996] suggested that the Seychelles microcontinent and Madagascar separated between 100 and 95 Ma. Eldholm and Todal [1997] , who worked on the chronology of events in the Arabian Sea, placed the time of initiation of breakup between IndiaSeychelles and Madagascar at 100 Ma.
[7] Felsic volcanic subaerial rocks making up the St Mary islands, situated off the western coast of India, are thought to be related to the splitting of Madagascar and India-Seychelles. Whole rock K-Ar ages of 97.6 to 80.3 Ma [Valsangkar et al., 1981] and a U-Pb zircon age of 91.2 ± 0.2 [Torsvik et al., 2000] constrain the timing of this magmatism. The above studies then bracket the timing to between 100 and 80 Ma.
[8] During the Late Cretaceous, large volumes of basic lavas were extruded onto both the eastern and western Figure 1 . Reconstruction of Gondwana fragments at 200 Ma (modified from Reeves et al. [2002] Ar age determinations on volcanic rocks and dikes, a mean age of 87.6 ± 0.6 Ma was reported by Storey et al. [1995] , who deduced that the duration of Cretaceous volcanism was no more than 6 Myr. Further, Torsvik et al. [1998] , on the basis of a zircon-baddeleyite U/Pb age from northeast Madagascar of 91.6 ± 0.3 Ma and a 40 Ar/ 39 Ar age of 83.6 ± 1.6 Ma, estimated that the volcanism lasted a maximum 8 Myr. The volcanics are thought to be related to the position of Madagascar over the Marion hot spot, which in turn is considered to be associated with the breakup of India-Seychelles and Madagascar. On this basis, Storey et Figure 2 . Current position of Madagascar with magnetic anomalies and transform ridges on the ocean floor (modified after United Nations Educational, Scientific, and Cultural Organization [1990] ). Dark shading represents Precambrian rocks; light shading represents Phanerozoic rocks. Shaded circles are the positions and times proposed by Storey et al. [1995] and Torsvik et al. [1998] for Madagascar over the Marion hot spot. al. [1995] placed the time of breakup at 88 Ma when they estimated that the southern tip of the eastern coast was over the Marion hot spot. Storey et al. [1995] argue that this is a case where the breakup was probably controlled by the participation of the mantle hot spot because of the close temporal and spatial coincidence with rifting. On the basis of paleomagnetic data, Torsvik et al. [1998] considered that the focal point of the Marion hot spot was beneath the central east coast at 118 Ma and at the south of Madagascar at circa 88 Ma (Figure 2) . If the position and timing of the hot spot and drifting are interconnected then the separation may have extended over 30 Myr, perhaps propagating from north to south.
Post Breakup Tectonics
[9] Madagascar has been undergoing east-west extension [Rakotondraompiana et al., 1999] since the middle Miocene and old north-south trending faults have been reactivated, often forming small sedimentary basins, e.g., the Alaotra Basin in the center of Madagascar (Figure 3) . Piqué et al. [1999a] noted that Neogene to Quaternary sediments and volcanics tend to be associated with active faulting and extension. Brittle faulting and Neogene sediments [Hottin, 1976] in basins along the northwest -southeast striking Ranotsara Shear Zone (RSZ) suggests that this early Cambrian [de Wit et al., 2001 ] ductile shear zone was also reactivated. Madagascar is seismically active, the seismicity being confined to the crust [Rambolamanana et al., 1997] . The most frequent activity is in the central region and is often associated with major faults within the NeogeneQuaternary volcanic fields. The volcanism may be the cause of the higher altitudes in this region.
Geomorphology
[10] Madagascar has asymmetric relief. A steep eastern escarpment runs generally along and slightly oblique to the southern two thirds of the island at a distance of 10 to 125 km from the coast, (Figure 4a ). The highest mountains reach almost to 3000 m. Rivers flowing eastward are short and cut steep gorges over the escarpment. A more gentle western slope has a well developed consequent drainage pattern directed away from the escarpment. In general the main east-west drainage divide lies 50-100 km from the eastern coast. However, there are two points where the divide is further inland, one immediately south of Antananarivo and the second just north of the RSZ.
[11] The Precambrian surface is dotted with granitoid inselbergs. Neogene to Quaternary volcanic landforms stand above the surrounding highlands.
Previous Geochronology
[12] In general, the geochronology of Madagascar has been restricted to studies of the greenschist to granulite facies Precambrian basement rocks or the Cretaceous volcanics. Most studies on the Precambrian basement have been done using the U/Pb methodology. A tonalite gneiss from Ile Sainte Marie dated at 3187 ± 2 Ma represents the oldest rock yet dated in Madagascar .
Late Archean intrusive igneous events at around 2530 to 2500 Ma have been identified throughout northern and central Madagascar Kröner et al., 2000; Paquette et al., 2003] . U-Pb geochronology of other igneous rocks indicate voluminous and widespread magmatic activity (gabbroic and granitoid intrusions) in middle Neoproterozoic times at $820-740 Ma in central and northern Madagascar Kröner et al., 2000; Tucker et al., 1999] . Handke et al. [1999] concluded that middle Neoproterozoic magmatism is related to Andean-type subduction of Mozambique oceanic lithosphere beneath central Madagascar, and Fernandez et al. [2003] argued that this magmatism is contemporaneous with the earliest deformation in the Itremo Group metasediments of central Madagascar, whereas Collins et al. [2003a] presented textural and metamorphic evidence that the $800 Ma intrusions postdated early fabrics in the Itremo Group. Another important magmatic event occurred at $630 Ma and corresponds to the emplacement of alkaline granites in northern central Madagascar [Paquette and Nédélec, 1998 ] and has been interpreted to represent post-collisional extension following the collision of Madagascar with East Africa at $650 Ma [Meert, 2003; Paquette and Nédélec, 1998 ]. In contrast, Collins et al. [2003c] documented pervasive E-W shortening at granulite and upper amphibolite facies in central east Madagascar between 637 and 515 Ma. In southern Madagascar, de Wit et al. [2001] obtained U-Pb zircon and monazite ages in the 647 -627 Ma range that were associated with early collisional events at granulite facies conditions, coeval with emplacement of anorthosites. Postcollisional events include localized deformation along prominent N-S striking shear zones at about 608 Ma, a period of slow cooling between 605 and 550 Ma, and accelerated exhumation at about 530 -520 Ma [de Wit et al., 2001] . In contrast, Martelat et al. [2000] on the basis of U-Th-Pb electron microprobe dating of monazites suggested that the earliest deformation and granulite facies metamorphism in southern Madagascar occurred at $590 -530 Ma and was followed by transpression at $530 -500 Ma resulting in refolding and formation of N-S striking shear zones. This timescale is supported by the depositional age of precollision metasediments in eastern Madagascar [Collins et al., 2003b] . Late syntectonic to posttectonic alkaline magmatism at about 570 to 530 Ma occurs throughout central Madagascar Handke et al., 1999; Kröner et al., 2000; Meert et al., 2001] . Th-U-Pb electron microprobe ages on monazites from metapelites of the Itremo Group in central Madagascar indicate monazite growth events in Paleozoic times at about 500 Ma and 430 Ma . These ages are also found in 40 Ar-39 Ar data and the ages have been interpreted as due to alteration related to fluid circulation events ].
[13] Other studies have involved the dating of the Cretaceous volcanics as mentioned above.
[14] Seward et al. [1998 Seward et al. [ , 1999 Seward et al. [ , 2000a presented the initial results of the present study using apatite fission track analysis (AFTA). Emmel et al. [2002] using the same method, made analyses on samples restricted to an area between latitude 17°-20°S, and obtained ages ranging from approximately 430 to 80 Ma displaying a general younging trend from west to east. They recognized enhanced cooling during the Carboniferous/Permian in the western region, which they related to the evolution of the eastern Morondava basin shoulder. Other localities, they concluded, were affected by the Cretaceous phase of rapid cooling reflecting the final breakup of Gondwana.
[15] The present contribution is based on apatite fission track analyses of the basement rocks extending across the entire island (Figure 3 ). Thermal modeling of the data sets (combining age and length parameters) was carried out for almost all samples. Only four zircon samples were dated due to the fact that most zircons were very metamict which causes the crystal surface to be too rough after etching for track identification. The data sets have been interpreted in terms of tectonic events, sedimentation history and landform development.
Fission Track Thermochronology
[16] For fission track systems, there are no discrete ''closure'' temperatures as in other radiogenic systems. A transition temperature zone where tracks are essentially unstable is recognized; this is termed the partial annealing zone (PAZ) and is defined by upper and lower temperature limits. However, an effective closure lies within these bounds, and is dependent on cooling rates. The PAZ for apatite lies between 60°and 120°C [Laslett et al., 1987; Corrigan, 1993] with an effective closure temperature constrained at 100°± 10°C. Hence apatite fission track analysis is particularly useful for evaluating low-temperature thermal histories, i.e., those affecting the upper 3 -4 km of the crust.
[17] Research into zircon annealing is not as advanced as that for apatite; from experimental studies extrapolated to the geological timescale, current estimates for the partial annealing zone range are 390 to 170°C depending on the type of model used [Yamada et al., 1995] . These authors defined the lower temperature limit as the temperature for 5% age reduction, whereas the upper limit is essentially total resetting to zero age. Many additional factors such as rates of cooling and chemical composition come into question. With a slow cooling rate and alpha damaged zircons we consider the effective closure temperature for zircons to be 240°C [Brandon et al., 1998 ].
[18] Since fission tracks are produced continuously, each track in a sample will have been exposed to a different portion of the time and temperature history of its host rock and the distribution pattern of confined fission track lengths is an integrated cooling history. The time taken for a rock to pass through the partial annealing zone is reflected in the track length distribution. Further, if a sequence undergoes renewed burial and/or heating, preexisting tracks are shortened to a length determined by the maximum temperature and the duration of burial. At temperatures greater than the upper limit of the partial annealing zone, all tracks are erased and the ''clock'' is reset when the rock cools again through the partial annealing zone. Using the random Monte Carlo and Genetic Algorithm approach [Gallagher, 1995] , the sample age and the track length parameters are compared to those determined through experimental annealing in order to assess some possible T-t paths.
[19] In this study, the paths were derived using no specific geological constraints; they were totally unconstrained and each sample was treated identically, i.e., with the same parameter space. An initial track length of 15.5 mm was used throughout, rather than 16.3 mm which underestimates track annealing and therefore overestimates cooling rates during the later stages (see discussion by Gunnell et al. [2003] ). Every sample was treated in the same manner.
[20] The kinetics of annealing of the tracks has been found in some instances to be a function of chemical composition [e.g., Gleadow and Duddy, 1981; O'Sullivan and Parrish, 1995] . Burtner et al. [1994] have shown that this amounts to a variation in total annealing temperature by as much as ±20°C in extreme cases. The mean track pit diameter (1.8 -2.0 mm) of the apatites in this study and electron microprobe analyses of selected samples suggests that the apatites are typically fluorapatites. Hence in modeling of T-t paths (using the ''Monte Trax'' software [Gallagher, 1995] ), the annealing model of Laslett et al. [1987] for Durango apatite was used unless there were anomalous chemistries (see discussion in text).
Analytical Methods
[21] Sample preparation followed the routine separation techniques [Seward, 1989] . Etching of the apatites was done with 7% HNO 3 at 21°C for 55 s. This etch time yields identical track length parameters to the etch using 20 s in 5N HNO 3 [Seward et al., 2000b] i.e., that used in the annealing studies by Laslett et al. [1987] . The zircons were etched in a eutectic mixture of KOH and NaOH at 220°C for between 20 and 32 hours. Muscovite detectors were etched in 40% HF for 50 minutes at room temperature. Irradiation was carried out at the ANSTO facility, Lucas Heights, Australia. Microscopic analysis was carried out using an optical microscope with a computer driven stage (''Langstage'' software from Dumitru [1995] ). All ages were determined using the zeta approach [Hurford and Green, 1983] with a zeta value of 355 ± 5 for CN5 and 119 ± 5 for CN1 (DS). They are reported as central ages [Galbraith and Laslett, 1993] with a 2s error (Table 1) . Where possible, 20 crystals of each sample were counted 1571 (4064) 91.6 (237)
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Results and Interpretation
[22] Apatite ages in the Precambrian basement rocks of Madagascar range from 431 ± 46 to 68 ± 8 Ma ( Figure 5 ) with track lengths ranging from 10.85 mm to 13.95 mm (Table 1 ). In general as mentioned above, zircons were unsuitable for analysis but the four ages obtained range from 452 ± 64 to 238 ± 46 Ma. Unless stated, the following discussion is based on the results from the apatite analysis.
[23] Such a wide range of ages is to be expected from samples covering a vast region with a long history. Because the track lengths are relatively short in general, these are apparent ages and in themselves do not reflect per se a single cooling event. However, as a first order exercise, it is clear that the ages fall into three geographical groupings:
[24] 1. South of the RSZ the ages are in general younger than 238 Ma excluding one older sample, (region 1, Figure 5 and Table 1 ) which has an apparent age of 321 ± 40 Ma. This sample however, has a peculiar chemistry relative to other samples, with a chlorine content of 1%wt which has resulted in the preservation of the older age [Green et al., 1989] and is considered regionally nonrepresentative. Ages reveal a younging trend from west to east ( Figure 5 ).
[25] 2. North of this shear zone and stretching to about latitude 20°S, ages are older (region 2, Figure 5 ) ranging from an anomalously young 103 Ma to 431 Ma. The northern limit is not clear because of the rather poor distribution of samples. Within this grouping the apparent age trend is opposite to the southern one, with a gradation from older ages in the east to younger in the west with one exception, that of 103 Ma, located on the eastern coastal plain. This latter age will be discussed later, as it is not representative of this region.
[26] 3. North of the central region, ages tend to be younger and are rather mixed, ranging from 337 to 86 Ma (region 3, Figure 5 ), however, there is a general decrease from the western basin margins to the east coast. This is similar to the results determined by Emmel et al. [2002] for part of this region. We were unable to incorporate the data sets of Emmel et al. [2002] because the detailed positions are not available.
[27] A further overview reveals that the youngest ages of the island lie along the eastern margin of the northern and southern blocks with a general trend of younging within this subgroup from north to south.
[28] This raw data set implies on a first order inspection that the eastern central region has been undergoing cooling for a longer period than its north and south neighbors. The jump to younger ages south of the RSZ suggests that the southern region was exhumed, most likely along brittle faults which had developed within the shear zone. The abrupt termination of the subaerial Cretaceous volcanics along the east coast at the southeastern tip of the RSZ also supports the idea of an uplifted southern block along this structure. The age of the volcanics (%88 Ma [Storey et al., 1995] ) suggests that the uplift may have been ongoing at least until this time.
[29] A further preliminary assessment of the data, is seen through the relationship of mean track length and age. Long track lengths imply a period of rapid cooling, often interpreted in terms of an event. The longest track lengths correlate to ages at approximately 430 Ma and 100-75 Ma (Figure 6 ). The younger is associated with the exhumation of rocks that either may have been reset during the passage of Madagascar over the Marion hot spot and/or represent cooling of the uplifted shoulder during separation of the India-Seychelles block from Madagascar.
Age-Altitude Relationship
[30] The relationship of age with altitude for the whole set of data (Figure 7 ) reveals only a very broad positive correlation. This plot is similar to those recognized in Figure 5 . Simplified geological map of Madagascar [after Besairie, 1964] showing apparent fission track ages (Ma). Grid lines are in Laborde projection. Faults in the basement are interpreted from Landsat TM images. Faults in sedimentary basins are mainly after Montenat et al. [1993 Montenat et al. [ , 1996 , Bertil and Regnoult [1998] , Wescott and Diggins [1998] and Razafindrazaka et al. [1999] . other fission track studies of passive margin regions (e.g., Namibia [Brown et al., 1994] , eastern Brazil margin , western India [Gunnell and Fleitout, 1998] (Figures 3 and 8a ) revealed age differences separated by as much as 100 Ma at similar altitudes. Initially these were interpreted as being due to lithologic and/or possible chemical variations [Seward et al., 1999] , however, all these samples have since been chemically analyzed under the electron microprobe and no clear differences could be identified. All are fluorapatites and no real or systematic variation was found in any component. Field evidence for faulting was not found but inspection of Landsat ETM+ images reveals a possible complex WNW-ESE trending system of minor faults. These may be the reason for the disrupted age-altitude pattern in Pic Boby. Nonetheless, a mean denudation rate of 7.5 m/Myr from 400 to 230 Ma can be made for this region.
[31] In an east-west profile from Brickaville to Antananarivo (Figures 3 and 8b ) the age-altitude relationship indicates a break in slope between 115 and 110 Ma indicative of a renewed phase of cooling/exhumation. The older exhumation rate, from 190 to 115 Ma was about 6.5 m/Myr, almost identical to that of the Pic Boby region. This suggests that these two regions have undergone similar cooling histories from 400 until about 115Ma. The renewed rates beginning at about 115 Ma are an order of magnitude larger, approximately 62 m/Myr. It is possible that this phase was due to (1) the doming of the surface and enhanced exhumation at the time when this region lay above the Marion hot spot (Figure 2 ) in approximate agreement with the estimation of Storey et al. [1995] and Torsvik et al. [1998] and/or (2) that it could be due to resetting of the geotherms after the passage over the hot spot, and/or c) that this is the cooling associated with the rift shoulder exhumation with associated scarp retreat. It is difficult to distinguish between these possibilities due to the close relationship between the timing of rifting and hot spot position.
[32] No other regions or sites revealed simple relationships. This may be due to the fact that age-altitude relationships have been disturbed by the numerous faults that occur particularly on the western margin, many of them affecting Cretaceous sedimentary rocks along the west coast, with some as young as Neogene [Piqué et al., 1999a] (Figure 5 ).
Distance From the 1000 m Isobath
[33] The western passive margin has clearly been modified through time with the deposition of sediments, faulting and some westward tilting [Montenat et al., 1996] . In contrast, the eastern margin retains a coastal plain and a pronounced escarpment most likely related to the rifting from India-Seychelles. The relationship of the combined apatite ages to their distance from the 1000 m isobath (Figure 9a ) is atypical compared to other passive margin studies (e.g., review by Gunnell [2000] ), in which ages generally increase from the coast up and across the escarpment. In all published studies, inland plateaus, as expected, have the oldest ages which are unrelated to the rifting phase but represent some earlier phase of exhumation. In Madagascar, the youngest ages occur along the eastern coastal margin, but unusually, so also do some of the oldest (Figures 9a and 9c) . The older group of ages all come from (Figure 4a ). Large numbers are apparent apatite ages (Ma). Those with models extending to 240°C represent samples with zircon fission track ages ( Figure 5 and Table 1 ). The topographic swath profile (25 km wide) was constructed by C. Duncan (University of Massachusetts) from GTOPO30 DEM data. Vertical exaggeration = 20. the coastal plain region north of the RSZ and south of about latitude 20°S. This is consistent with the observation that the eastern central region, has remained stable probably at least since the Devonian. This region also has the widest coastal plain (Figure 9c ) and is covered, often to the foothills, but not right up to the escarpment, by Late Cretaceous subaerial extrusives. The presence of these extrusives along the central eastern coast implies that there was here a coastal plain prior to the Cretaceous volcanism, most likely the floor of a rift which had developed before separation of the India-Seychelles plate. The rift was therefore formed before 88 Ma.
[34] Across the north and south segments of the east coast, a typical AFT pattern is revealed with the younger ages along the coastal margin increasing inland from the edge of the plain, (Figures 9b and 9d) . In none of the regions is there any signature in the apparent ages themselves of the timing of rifting.
Hot Spot Trail Along the Eastern Margin?
[35] As mentioned above, the youngest apparent ages lie along the east coast margin with the exception of the central region. Excluding for the moment the central region, there is a younging trend from north to south of ages that lie at altitudes of <250 m (Figure 10) .
[36] As discussed above, the ages westward from Brickaville have a break in slope between 115 and 110 Ma (Figure 8b ) implying a renewed cooling event at about this time. This is marginally later than the position of the hot spot predicted by Storey et al. [1995] and Torsvik et al. [1998] . Thus the apparent apatite ages (101-86 Ma) most likely represent exhumation ages, due to erosion, perhaps after the passage of the hot spot. Further to the south in the region of Tôlañaro, ages are 73-68 Ma ( Figure  5 ). Storey et al. [1995] predicted the position of the hot spot at the southern tip of Madagascar at 88 Ma. These ages may also represent exhumation after hot spot passage.
[37] In the central region, one age only along the coast is ''young,'' M174 (103 Ma), and is surrounded by older ages (325-431 Ma). The question remains unanswered as to why only one site records a younger event. Similar mixtures of young and old ages were reported from the Indian west coastal margin by Gunnell et al. [2003] , who found evidence of Deccan trap ages (65 Ma) scattered among much older ages. Because the central region of Madagascar has undergone very little erosion, this age more closely represents the actual timing of the position of the hot spot at this locality. As such it is again in agreement with the work of Storey et al. [1995] (Figure 10 ).
Thermal History
[38] Thermal modeling [Gallagher, 1995] has been applied to almost every sample analyzed. For simplicity, the variable paths will be discussed firstly within three regionssouth, central and north. The thermal history in terms of burial, hence the limits of Mesozoic sedimentation onto the presently exposed basement, can be estimated.
Southern Region
[39] This region displays an extremely consistent pattern (Figure 11 ). The site closest to the Morondava basin margin, M101, reveals a cooling phase from Devonian to Permian. This initial cooling event may represent the rift shoulder exhumation during a period of Paleozoic intracontinental extension. It was followed by a phase of heating which certainly began somewhere between 270 and 200 Ma. The exact timing of the initiation of heating is not possible to ascertain because during this period the modeling is at temperatures less than 60°C where there can be little confidence in the predicted patterns. The heating event is assumed to be the result of burial by passive margin sediments; it lasted until middle Tertiary. In order to determine the amount of burial the paleogeothermal gradient through time is required. However, since Madagascar has twice been in the structural position of a rift shoulder and had abundant Cretaceous volcanism, the gradient may have changed both temporally and spatially. Assuming a geothermal gradient of 20°C/km the amount of burial was less than 3 km. On the basis of the modeling, the limits of Jurassic and Cretaceous sedimentation which probably caused the heating event can be estimated using these cooling histories (Figure 12 ). Thus sedimentation extended further eastward than the present outcrop, overlying the presently exposed Precambrian basement.
[40] The first cooling phase becomes progressively younger in an easterly direction. Likewise, the subsequent heating phase youngs in an eastward direction with decreasing intensity and duration until along the eastern coastal sites only a long period of simple cooling is recognized. The zircon fission track age of 341 ± 76 Ma, sample M94 (Figures 5 and 11 ; Table 1) suggests that only simple monotonic cooling has taken place here over this time period. No temperature pulse that might be related to the passage of the hot spot is visible in any of the cooling patterns. Therefore, although the ages along the east coast margin coincide well with the trace of the Marion hot spot as supposed by Storey et al. [1995] and Torsvik et al. [1998] , they may also be interpreted as the result of progressive exhumation of the uplifting rift shoulder related to the rifting between Madagascar and East Africa, which was coincident with the hot spot position.
Southern Central Region
[41] This region is dominated by apparent ages older than 200 Ma and very often older than 300 Ma, (barring sample M171). The samples from the western margin yield thermal histories ( Figure 13 ) equivalent to those of the western margin of the southern region and are interpreted in the same manner. The eastern limit of sedimentation is close to site M184 where only simple monotonic cooling took place from at least Silurian time (Figure 13 ). At Pic Boby to the east, no disruption is revealed in the modeled data sets which point to a simple very slow monotonic pattern of cooling; there is no evidence that this region was ever heated. The upper sites have not seen temperatures greater than 60°C in the last 360 million years confirming extraordinarily low cooling rates. Assuming 3 -4 km of material have been removed in the last 360 Ma, exhumation rates of 8 -11 m/Myr are calculated which are in the same order of magnitude as the rates estimated from age-altitude relationships.
Northern Region (North of $20°S)
[42] In this region (Figure 14) , a pronounced west-east variation in cooling histories is best illustrated by cross sections, A-A 0 and B-B 0 (Figures 4a and 14) . Along the western margin close to the present limits of the Morondava and Mahajanga Basins, samples M125, M126, M147 and M148 reveal a period of cooling (about 2°C/Ma) from at least middle Carboniferous through to middle Permian, a pattern similar to that at the western margin further south and the thermal history is thus interpreted in a similar manner. This cooling was followed by a heating event that lasted until about 90 Ma.
[43] Eastward (inland) of the above sites, the rocks did not cool (in general) to less than 60°C until after at least 180 Ma (e.g., M121, 124, 128, 145, 149) . Shortly after this first cooling phase, they were reheated to a maximum of 70°C. This is coincident with the time of the beginning of sedimentation in the Mahajanga Basin [Razafindrazaka et al., 1999] . Again, the position of the eastern margin of sedimentation lies eastward of the present outcrop (Figure 12) .
[44] As in the other regions, initial exhumation was diachronous, the subsequent heating event diminishes east- Figure 14 . Representative thermal models for the northern region along sections A-A 0 and B-B 0 . For section line see Figure 4a . Sample M145 does not lie on section A-A 0 , but to the north, but is included to emphasize the similarity of thermal histories along the western margin. The solid points represent the time at which the rocks passed into the partial annealing zone. The larger numbers are apparent apatite ages (Ma). The topographic swath profile (25 km wide) was constructed by C. Duncan (University of Massachusetts) from GTOPO30 DEM data. Vertical exaggeration = 20.
ward, until finally along the eastern coastal margin only simple monotonic cooling can be identified through FTA. A heat pulse from the Marion hot spot is not recognized in the thermal modeling but one cannot exclude the possibility that it may have only affected those rocks that were deeper such that it may only be identified in the zone of temperatures higher than 110°C.
Temperature Through Time
[45] Figure 15 illustrates the temperature of the different regions at specific times using data extracted from the Monte Trax models. It was decided not to run a contour procedure over the whole island because of the nonstatistical distribution of the sample sites, which could lead to a smoothing effect over large regions where data are missing, as well as the problems of altitude related discrepancies.
Instead, regions that had a reasonable close sample density were separately treated.
[46] At 270 Ma the data presented in this way clearly again emphasize the different trends observed earlier (Figure 15a ). The RSZ stands out clearly as a structure separating two regions with different temperatures at this time. South of the RSZ almost the whole region was at temperatures greater than 110°C. In the central region the eastern side was already at temperatures less than 60°C with an increase to 60°-90°C westward.
[47] At about 180 Ma (Figure 15b ), the thermal structure of the region south of the RSZ was still distinct from that north of the fault. A temperature increase to the east is suggested from the data. Again this may point to the fact that at this time the western region was the margin of the Figure 15 . Temperature distribution through time. Temperatures taken from thermal models (Monte Trax [Gallagher, 1995] ).
Morondava Basin and was an eastward tilted block whose western rim represented the uplifted shoulder. North of the RSZ a paleotemperature distribution similar to that at 270 Ma remains, with an increase in temperatures to the west but all less than 90°C. There is not a sharp clear boundary between the northern and central regions. Only a corridor of lower temperatures exists.
[48] By 135 Ma most of the basement was at temperatures less than 60°C (Figure 15c ). The exceptions are along the eastern margin of the north and south regions. Implications are that the RSZ was no longer active with respect to the magnitude of vertical displacements that may be recorded through fission track analysis. However, the Neogene continental sediments [Hottin, 1976] immediately to the north of the Ranotsara Fault and the strongly deflected drainage pattern over the fault (Figure 4b ) are suggestive of more recent activity. The abrupt closure of the southern limits of the Cretaceous extrusive volcanic suites at the RSZ is also suggestive of the fact that some uplift has been ongoing until some time after about 88 Ma. By 90 Ma, the temperature distribution had changed very little (Figure 15d) . Clearly, the highest temperatures are recorded along the eastern margin except for those in the central region. This implies that cooling along the northern and southern eastern margin has been more rapid since approximately 90 Ma in order to exhume these rocks. A marked change to rapid cooling at about 115-110 Ma was identified already along the east coast inland from Brickaville. A westward tilting of the north and south regions of the island is implied, while the central region remained more stable. 6.4.5. Basin Formation
[49] Integrating our interpretations based on fission track analysis with the regional geology, the thermal history of the Precambrian basement of the island can be correlated with basin development. The Mahajanga Basin is delimited on its southwestern margin by a horst of basement and Paleozoic sediments [Razafindrazaka et al., 1999] . From the thermal histories extracted from the fission track data sets there is a merging boundary at 180 Ma with this region and that to the south (Figure 15b ). It is identified through a low-temperature (<60°C) corridor running WNW-SSE at approximately 20°S. Further south, the BongolavaRanotsara Shear Zone is considered to mark the northeastern structural boundary of the Morondava basin [Piqué et al., 1999b; Montenat et al., 1996] . The current fission track data set is consistent with this interpretation in that the thermal histories at 180 Ma are strongly contrasting across the Ranotsara Shear Zone. The eastern central region has been essentially stable, possibly behaving as a structural high since Devonian times. Hence, on the basis of the data from this study we suggest a refinement to Figure 11 of Montenat et al. [1996] (Figure 16 ) illustrating the development of the western marginal basins.
Conclusions
[50] The following points summarize our conclusions.
[51] 1. The fission track analysis reveals a thermochronological division of the island along both north-south and east-west lines. A southern region is clearly defined south of the RSZ. To the north of this shear zone, is a region of extreme thermal stability which passes northward into a zone with thermochronological parameters more similar to the southern region.
[52] In each of these regions there is an east-west variation. The northern and southern regions have a general younging trend in apparent apatite ages from west to east in contrast to the central zone where ages young from east to west.
[53] 2. The western samples of all regions yield thermal histories that involve episodes associated with Paleozoic cooling. This initial cooling along the western margins was most likely related to intracontinental rifting. This was followed by a heating phase which is interpreted as being due to burial by Mesozoic sediments associated with the Figure 16 . Schematic illustration (modified after Montenat et al. [1993 Montenat et al. [ , 1996 ) of the structural control during the initiation of the Morandava and Majunga Basins. The shaded area represents the region of extreme stability since the Devonian. RSZ and BSZ represent respectively the Ranotsara and the Bongolava Shear Zones. drifting phase and the formation of the western passive margin.
[54] 3. In the northern and southern regions, the first phase of cooling through 110°C in general began progressively later in an easterly direction. The subsequent heating phase also began progressively later eastward. This diachroneity is interpreted as progressive on-lap by late Paleozoic and Mesozoic sediments extending eastward onto the Precambrian basement rocks. The minimum eastward extension of the ocean can be estimated such that there was sedimentation at least as far as the central region of Madagascar with the implication that the island may have had subdued topography at that time.
[55] 4. The eastern margins of the northern and southern regions have undergone a simple cooling history with the rocks passing through the 110°C isotherm during the Cretaceous. That this is cooling related to the denudation of the uplifting margin during splitting from India-Seychelles or whether it is due to cooling after the passage of Madagascar over the Marion hot spot is open to conjecture at this point. The fact that the thermal models do not record any heating event at the time of the hot spot is a concern on one hand. Yet the apparent ages are coincident with the positions of the hot spot as postulated by Storey et al. [1995] and Torsvik et al. [1998] . Conversely, the monotonic cooling may simply be a reflection of the long term cooling related to progressive southward splitting of the island from India-Seychelles over approximately 30 Myr with related westward tilting and erosion of this margin.
[56] 5. A region of long-term tectonic stability characterizes the eastern central part of the island. It is delimited by the RSZ to the south and merges into the northern region at about latitude 20°S. This region has undergone excessively slow cooling with estimated exhumation rates of the order of 1 -5 m/Myr since at least the Devonian. It is possible that this region may have formed the northern and southern margins of the Morondava and Mahajanga Basins, respectively.
